INTRODUCTION
Mycoplasmas are the simplest, wall-less, self-replicating, singlecelled organisms. They consist of only a minimum set of the subcellular structures that are required for growth and reproduction (1) , and their genomes are extremely small (2) . Mycoplasmas are, therefore, attractive for use in the study of essential cellular mechanisms, and various molecular biological studies of these organisms have been reported (3, 4) . However, little is known about the replication of the mycoplasmal genome (5) .
In studies of bacteria, the identification of the origin region that contains the site for initiation of replication has provided much valuable information about genome replication (6, 7, 8, 9, 10) . Such origin regions include controlling motifs such as the DnaA protein-binding sequence (DnaA-box), a repeated 13-meric sequence, an AT-rich region, and a deoxyadenosine methylation site (6) . In some bacteria, but not in enteric bacteria, dnaA genes, the products of which control initiation, can be found in the vicinity of the origin regions. The genetic organization around the dnaA genes is highly conserved and genes are organized in the following order, gyrB-recF-dnaN-dnaA-rpmHrnpA, in Escherichia coli, Bacillus subtilis, and Pseudomonas putida (11) .
A few studies designed to identify the origin regions of mycoplasma genomes have been reported (9, 13, 14) . Fujita et al. found the homolog of the dnaA gene in M. capricolum and showed that the dnaN, dnaA and rpmH genes are conserved and arranged in that order (13) . We previously localized the dnaA gene and the origin region within the 46-kb BamHI fragment (Bm8) that is bordered by two of the total of nine BamHI sites on the physical map (14, 15) . However, clarification of the genetic organization of the dnaA flanking regions and precise mapping of the origin region have not yet been achieved.
Neutral/alkaline two-dimensional (2D) gel-electrophoretic analysis was developed as a method for obtaining crucial information about the direction of movement of replication forks (16) , and it has been applied to chromosomal replication in eukaryotes but not yet in prokaryotes.
In this study, we clarified the genetic organization of the flanking regions of the dnaA gene in the genome of M. capricolum, and we mapped the initiation site by twodimensional gel-electrophoretic (2D-gel) analysis.
MATERIALS AND METHODS

Strains and plasmids
M. capricolum ATCC 27343 was grown in modified Edward medium (MEM) (17) at 37 °C for preparation of DNA for mapping and cloning. For preparation of replicating intermediates, cultivation was carried out at 39°C to allow frequent formation of replicating intermediates at a growth rate 20% higher than that at 37°C. The host strain for plasmids was E.coli XLl-Blue. pUC118/119 (20) were used for cloning of fragments of the M.capricolum genome. pKS(+)BluescriptII (20) was also occasionally used for making deletion mutants. A derivative of M13 harboring the dnaA homolog from the M.capricolum genome (mpDD2.1) was kindly supplied by Dr M.Q.Fujita of Osaka University Medical School (13) .
Preparation and cloning of DNA Genomic DNA was prepared by the agarose-block method (15) for field-inversion gel-electrophoresis (FIGE) and by the phenol method (18) for other purposes. The Bm8 fragment was isolated by FIGE as described previously (15) , and recovered by use of Genecleanll (Bio 101). For the polymerase chain reaction (PCR), primer 2 (GTATAATCAAAATACTTACTGGC) and primer 4 (GGAAGGGGAGCAAATGAACCAG) were designed on the basis of the sequences of p8SU and p9RUL, respectively. Primer 1 (CATGGTTTTAGAGCAAGAATGGCTAC) and primer 3 (GCTATGTGTCTTGCTGTTAC) were designed on the basis of previously reported sequences (13) . The primers were synthesized chemically with an automated synthesizer (Gene Assembler Plus; Pharmacia). The reaction mixture for PCR was composed of 25 nM primers, 1 /ig/ml DNA, all four deoxynucleotide triphosphates at 0.2 mM each, 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.01% gelatin and 0.025 unit//il Taq polymerase (19) . The mixture was subjected to 30 cycles of a reaction that consisted of a 1-min denaturation period at 95°C, a 1-min annealing period at 42°C, and extension periods of appropriate duration at 72°C. The extension period was set at about 1 min per kilobase of desired fragment-length. Other procedures for cloning were performed by following published protocols (20) .
Preparation of templates for probes p9dnAHP and p9dnAPHD were prepared from pUC119 and a mycoplasmal fragment of mpDD2.1 using a PvuU site located in the dnaA gene (13) . Templates for mapping were prepared by enzymatic digestion and purification on agarose gels. Templates for probes 2,3,4 and 7 were prepared by subcloning with appropriate restriction sites. Templates for probes 1 and 6 were prepared by PCR which amplified the end regions of 619 bp and 570 bp in length of clones p9RE and p9RUL, respectively. The sequences of primer 5 (GTTGGAAAGATAACGTACAG-YC) and primer 6 (GGCGGAACTAATGTTTCTTATCG), which were used as probes 1 and 6, were designed on the basis of the sequences of nucleotides (nt) 598-619 and nt 7155-7177, respectively. Nucleotide number one was taken as the first base of the left Clal site. The template for probe 5 was amplified from genomic DNA by PCR with primers 3 and 4, digested by Ddel, and purified by agarose gel electrophoresis.
Southern hybridization
Southern transfer (21) was performed by the vacuum method (22) using nylon filters (Biodyne A; Pall). The DNA was cross-linked to the filter by UV irradiation at 0.15 J/cm 2 and 312 nm (20) after transfer from the gel. The DNA probes were labeled by the random primer method (23) with [a-32 P]-dATP for the 2D-gel analysis, or with digoxigenin-linked dUTP (DIG-dUTP; Boehringer) for other purposes. The specific activity of radiolabeled probes was about 2xlO 8 cpm//tg. Hybridization (24) was carried out in a rolling bottle for 16 h. The concentration of the radiolabeled probe in the hybridizing solution was adjusted to 2.5 xlO 6 cpm/ml. Dehybridization was carried out as described elsewhere (25) . The filters with radiolabeled probes were exposed to a Fuji imaging-plate for analysis with a Bio Image-Analyzer (BAS 2000; Fuji Photo Film). The filters with DIG-labeled probes were treated according to the protocol of Southern Light (Tropix), and exposed to X-ray film.
Sequencing
Nested deletion mutants were made with exonuclease III and mung bean nuclease (20) . The cloned fragments of p9RE, p9RUM, p9RUL and p8SU were occasionally subcloned into pUCl 19 or pKS(+)BSII. The polymerase reaction was carried out with denatured double-stranded plasmids by the dideoxy method (26) with T7 bacteriophage polymerase (Pharmacia) or BcaBEST (Takara) DNA polymerase. The entire sequence was determined at least once for each strand. The nucleotide and amino acid sequences were analyzed with GENETYX Ver 8 (Software Development Co., Tokyo, Japan). Protein sequences were compared with all data in the Swiss-Prot (Release 23) data base shipped in a compact disk issued in January 1993.
Preparation of replication intermediates
The replication intermediates were prepared as described previously (27) with slight modifications. An exponential-phase culture (100 ml; ODgoonn,, 0.4) was chilled by the addition of an equal volume of ice-chilled solution A (Sol. A), which consisted of 20 mM Tris-HCl (pH 7.6), 0.25 M NaCl and 10 mM EDTA, and incubation on ice for 5 min. The cells were harvested by centrifugation at 13,000Xg for 10 min and suspended in Sol. A. The cells were collected again and resuspended in 20 ml of Sol. A. The suspension of cells was brought to 37°C and mixed with an equal volume of a 1 % solution of molten low-melting-point agarose in Sol. A. The mixture was added to 80 ml of liquid paraffin at 37 °C and shaken vigorously by hand for 30 sec. The emulsion was poured into 400 ml of ice-cold Sol. A and the mixture was stirred for several minutes on ice. Agarose beads were then collected by centrifugation at 18,000Xg for 10 min. Since some of agarose beads floated just beneath the liquid-paraffin interface after the centrifugation, the supernatant was shaken vigorously and again subjected to centrifugation. Most of the beads remaining in the supernatant after the first centrifugation were recovered by the second centrifugation. The beads were combined, washed twice with Sol. A, suspended in 100 ml of 1 % SDS in 25 mM EDTA, and then shaken at 37 °C for 10 min. The beads were collected by centrifugation and suspended in 100 ml of Sol. B, which consisted of 1 % Sarkosyl (potassium salt), 0.5 M Na-EDTA and 10 mM Tris (pH 9.5), and then shaken at 37°C for 10 min. The beads were again collected by the centrifugation, resuspended in 20 ml of Sol. B, and treated with 0.3 mg/ml proteinase K at 37°C for 60 min with shaking. The agarose beads were washed once with TE that contained 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and then twice with TE, and then they were suspended in 5 ml of TE. The beads were stored at -20°C and melted just before use. The stability of the intermediates at -20°C was checked by monitoring the intensity of the signal from the hybridization image after 2D gel electrophoresis.
Agarose beads containing DNA from a 30-ml culture were treated with 500 units of PvuU and Xbal in high buffer at 37 °C for 1 h. The beads were washed once with 0.5XTBE that contained 0.5% SDS, and twice with 0.5XTBE. The DNA in the beads was recovered in a dialysis bag by electroelution at 5 V/cm in 0.5 XTBE buffer for 2 h at 4°C. After separation of the extracted beads from the solution of DNA by centrifugation at 16,000xg for 5 min, the beads were washed with 0.5XTBE. The solutions of DNA obtained by the two centrifugations were combined and dialyzed against 0.8 M NaCl, 10 mM Tris (pH 8.0) and 1 mM EDTA. Selective adsorption of single-stranded DNA to benzoylated naphthoylated DEAE-cellulose (BNDcellulose; Sigma) was carried out as described previously (28) . The DNA was eluted with caffeine buffer that consisted of 1.8% caffeine, 1 M NaCl, 10 mM Tris-HCl (pH 8.1) and 1 mM EDTA and was then precipitated by addition of isopropanol. The precipitated DNA was washed with 70% ethanol, dissolved in 20 jtl of water, and loaded onto a lane of the first-dimension gel.
2D gel electrophoresis
2D gel electrophoresis was carried out essentially by the method of Huberman et al. (16) . The DNA was loaded onto a 0.4% agarose gel, and electrophoresis was performed at 1.5 V/cm in TAE buffer for 12 h at 4°C. The lane containing the DNA was excised, placed at the top of a 1.5% agarose gel and allowed to equilibrate with 50 mM NaOH, 1 mM EDTA for 2 h. Electrophoresis in the second dimension was performed at 1 V/cm in 50 mM NaOH, 1 mM EDTA for 20 h at 4°C. The gel was soaked in TAE buffer that contained 0.5 jig/ml ethidium bromide, and then it was treated in the standard manner for Southern transfer (21) .
RESULTS
Mapping of Bm8
It has been reported that there is a Xhol site near the BamHI site that separates Bm8 and Bm4 (15) . We isolated a 0.8-kb fragment by electrophoresis of genomic DNA that had been digested by Xhol and BamHI, and inserted it into pUC118 to obtain clone p8XB0.8. The fragment in p8XB0.8 was localized at the right end of Bm8, as shown in Fig. 1 , by hybridization analysis. BawjHI-digested genomic DNA was partially digested with EcoRI or PVMII, fractioned on an agarose gel, and analyzed by hybridization with p8XB0.8 as probe. The positions of EcoRI and PVMII sites were located on the Bm8 map (Fig. 1, upper line) . A filter containing a PVMII digest was probed with p9dnAHP and with p9dnAPHD. The results revealed the position and direction of the dnaA homolog. PVMII digests were partially digested by HindHl, BglK, or Xbal, and each partial digest was subjected to hybridization analysis with p9dnAHP or p9dnAPHD as probe. A map of the 25-kb region bordered by two PVMII sites was constructed (Fig. 1, lower line) . The map was modified by reference to results of hybridization analysis with p826, p8NU, or p8SU (see below) as probes. The positions of Clal and EcoKV sites were determined by hybridization analysis with the five probes.
Cloning of the 9.5-kb region bordered by Clal and BgM sites The Bm8 fragment was digested by HindJR plus BglU, and the digested fragments were ligated to pUCl 18. Primary screening was performed with Southern hybridization using the Bm8 probe. The second screening was done by hybridization of probes prepared against the cloned fragments to the 9 bands of a BamHI digest that had been separated by FIGE. Five separate clones were found to be derived from Bm8. Finally, 3 clones, namely, p826, p8NU and p8SU, were localized in the PvMlI-bordered 25-kb region (Fig. 1, lower line) by further hybridization analysis. p8SU had a HindUl site in its insert. The position and direction of the Afindlll-bordered, small fragment of p8SU on the genome were confirmed by hybridization and PCR. Clone p9RE was isolated by genome walking using HindUI and Clal sites and p9dnAHP as probe.
The other clones, namely, p9RUM and p9RUL, were isolated by PCR as follows. PCR for p9RUL and p9RUM was carried out with primers 1 and 2 and with primers 3 and 4, respectively. We inserted the products of PCR into pUC 119 using HindUI sites and a HindUl site plus an Nspl site, and we obtained clones p9RUL and p9RUM, respectively. The positions of p9RUM, p9RUL and p9RE on the genome were confirmed by hybridization analysis.
Sequencing of the 9.5-kb region bordered by Clal and BgM. sites The sequence of the entire 9540 bp, apart from the sequence previously reported by Fujita et al. (13) , was determined. The regions for which we determined the sequences in this study are shown as by the two solid portions of the restriction map in Fig. 2 . The sequences of the C-terminal regions of dnaN (Fig.  3,B) and rpmH (Fig. 3,C) were determined. The extent of homology when dnaN and rpmH were compared to the corresponding genes (29, 30) of B.subtilis was 24.3% and 61.4%, respectively. Eight additional ORFs were found in this region (Fig.  2) . The directions of ORFs downstream of dnaA were the same as that of dnaA. The directions of ORFs upstream ofdnaA were opposite to that of dnaA. A homolog of rnpA was located in the region adjacent to rpmH. The extent of homology of its sequence to that of the gene from B.subtilis (30) was 36.4% (Fig. 3,D) . One of the ORFs exhibited 28.8% and 35.1 % homology to ksgAs [S-adenosyl methionine-6-N',N'-adenosyl (rRNA) dimethyltransferase] of E.coli (data not shown) (31) and B.subtilis (Fig. 3,A) (Ogasawara, personal communication), respectively. Another ORF exhibited 21.4% homology to the LicA protein of Haemophilus influenzae (Fig. 3,E) , which is supposed to mediate biosynthesis of oligosaccharide of outer membrane (32) . We searched for a DnaA-box consensus sequence (TTATCCACA) or its homolog with a single base change (Fig. 2) (13, 33) . No consensus sequence was found in the 9540 bp. One such sequence with a single base change was found in the dnaA gene near the N-terminus in the nt 4207 -4215 region, in addition to those that have previously been reported (13) . 
Analysis of the movement of the replication fork
The technique of neutral/alkaline 2D-gel analysis was developed by Huberman et al. (16) . In the first dimension, DNA fragments are separated according to their mass. The DNA in the gel is then denatured in 50 mM NaCl and subjected to electrophoresis under alkaline conditions. As a consequence, the nascent strands dissociate from the parental strands and form a diagonal line. The lengths of the lines of nascent strands detected with various small probes provide information on the direction of fork movement (16) . The replicating intermediate DNAs, prepared from an exponentially growing culture of mycoplasma in agarose beads, were digested by PvuU plus Xbal, concentrated by BND-cellulose column-chromatography and subjected to 2D-gel analysis. The filter was probed successively with 7 small fragments as shown in Figs. 4 and 5 . The results obtained with the probes that are on the left side of the PvuU site in the dnaA gene are shown in Fig. 4 . The positions of probes 1, 2 and 3 are defined by nucleotide numbers in Fig. 2 , as nt 2-619, nt 2137-2683 and nt 2678-3560, respectively. A schematic diagram of the image obtained after 2D-gel electrophoresis (Fig. 4) is shown in Fig. 6 . Each signal is interpreted as follows: a, nascent and parental strands from intermediates whose replication has nearly finished (double-mass position); b, parental strands from replicating intermediates; c, both strands from nonreplicating molecules (single-mass position); d, both strands from fragmented molecules; e, this line has not been reported previously (a detailed interpretation can be found below in the 'DISCUSSION'); f, nascent strands from intermediates; and g, nascent strands and nicked parental strands of intermediates with breaks at joints of the fork. The signals due to the nascent strands (f) were detected as diagonal lines from the double-mass position (a), which extended for varying distances that depended on the positions of probes on the map. The longest curve was obtained with probe 3 (Fig. 4) , and the length of the curve decreased with increasing distance of the position of probes from the right end.
The results for the right side of the PvwII site are shown in Fig. 5 . The interpretation of the images is the same as in Fig. 4 
DISCUSSION
The origin regions of some bacteria are located near their dnaA genes (8, 9, 10, 34) . The origin region is generally supposed to include the initiation site of replication and the entire set of initiation-controlling ris-factors. In the genome of M.capricolum, the dnaA gene is also found within the 46-kb region that contains the initiation site.
In this study, we first attempted to isolate clones that harbored large fragments that included the dnaA gene, but a mycoplasma library constructed with lambda EMBL3 was extremely unstable.
The instability of the library may possibly have been due to the repetitive sequences in the mycoplasma genome, which has a high AT-content (35) . Therefore, we tried to isolate clones of the dnaA -flanking regions as small fragments using stable pUC plasmids.
The regions around the dnaA gene are highly conserved in E.coli, B.subtilis and Pseudomonasputida (11) . The similarity is remarkable not only among individual genes but also when their organization on the respective chromosomes is compared. At least 6 genes, gyrB, recF, dnaN, dnaA, rpmH, rnpA, in that order, are conserved in the three bacterial species that have been examined to date (11) . In M.capricolum, we found that the arrangement and the directions of dnaN, dnaA, rpmH and rnpA were conserved, but the neighboring genes were not identical to any genes that are found in the corresponding regions in other bacteria (Fig. 7) . Instead, an ORF that is homologous to ksgA gene was found near the dnaA gene in M. capricolum, but this gene is located about 60 kb and 800 kb away from the dnaA gene in B. subtilis (Ogasawara, personal communication) and in E. coli (36) , respectively. This result suggests that regions outside the dnaN-dnaA-rpmH-rnpA region are not conserved in M. capricolum An assay for ars (autonomously replicating sequence) has been useful for identifying the origin region of bacterial genomes (8, 9, 10, 34) . However, in M.capricolum, for which no transformation system has yet been constructed, the ars assay is not feasible. The technique of neutral/alkaline 2D-gel analysis (16) can provide crucial information about the movement of forks. Although this method is theoretically applicable to any replicon that has already been cloned, it had not been applied to the analysis of bacterial genomes. We applied 2D-gel analysis to the mapping of the initiation site of M. capricolum and were able to show clearly the directions of the fork movements.
This successful analysis might be due to the small size of the genome of M.capricolum, namely, 1156 kb (15) . The intensity of a hybridization signal generally depends on the ratio of the length of the region to the size of the genome, and the probability that the region in question includes the replication forks also depends on this ratio.
The initiation site was located in a 1569-bp region that consisted of the dnaA gene and its downstream non-coding region (Fig. 2) . We tried to map the initiation site to a smaller region using probes of about 300 bp, but no significant changes in the length of the nascent curves on the hybridization image were found (data not shown).
In each of the hybridization images, a vertical line from the double-mass point was observed, as shown schematically by line (e) in Fig. 6 . This line has not been reported previously and has the following features, [i] The line (Fig. 6,e) extended for the same distance as the line that corresponded to the nascent strand (f) in the second dimension. This feature suggests that the vertical line (e) is composed of nascent strands of various sizes; [ii] The line extended from the double-mass position (a), in other words, all the molecules that formed the vertical line migrated most slowly in the first dimension. Therefore, the molecules must have very large mass in spite of the various sizes of the nascent strands. From these features, this line can be supposed to be composed of the nascent strands from intermediates with multiple forks. Our previously reported data (14) also suggested the formation of multiple forks during the replication of the genome in M. capricolum.
The separate vertical line (g) from the single-mass position (c) also changed in length, depending on the probe used. The molecules forming this line have the same mass as the nonreplicating molecule, as reflected by the migration rate in the first dimension. The line (g) is interpreted as being composed of the nascent and nicked parental strands of intermediates, with breaks at the joints of the fork.
Some signals are observed on the upper side of the line (b) and on the left side of the point (a) in the images of Figs. 4 and 5. They are possibly owing to durations of the attending molecules in the migration in the both dimensions, which were mainly consisted of comigration of the molecules with molecules of higher mass.
The results obtained by the 2D-gel analysis do not provide any direct information about the initiation-controlling cw-factors, but information about the location of the initiation site in vivo provides an important clue to the nature of the initiation mechanism.
The DnaA proteins bind specifically to the 9-bp sequences (6), namely, the DnaA-boxes, that are found in the origin regions of many bacterial replicons (11) . The consensus sequence in E.coli, TTATCCACA, is generally conserved in many replicons, including other bacterial genomes (11, 33) . However, Fujita, et al. found no consensus sequences in the regions adjacent to the dnaA gene in M. capricolum (13) . In the genome of B.subtilis, which is phylogenetically related to M.capricolum (37, 38) , a cluster of DnaA-boxes is located in the upstream region about 2.6 kb away from the dnaA gene. Therefore, we searched for the consensus sequence of the DnaA-box in the extended sequences but we did not find it. In a previous report, Fujita et al. (13) reported three homologs of DnaA-boxes widi single base changes from the consensus sequence in the upstream non-coding region of the dnaA gene and suggested that these homologs might be DnaA-boxes, judging from the similarity between the organization of the genes adjacent to dnaA and that in B.subtilis. We also searched for DnaA-boxes with one-base and two-base changes in the entire sequence of 9540 bp and found one new DnaA-box-like sequence with a single base change near the Nterminus of the dnaA gene. This result allows us to exclude the possibility that the one-base-changed, putative DnaA-boxes were just coincidences, and it supports the assumption that they function as the initiation-controlling cis-factors. Homologs with two-base changes were found nonspecifically all over the 9540-bp sequence (data not shown).
The three putative DnaA-boxes are located in the region adjacent to the 1569-bp region that includes the initiation site. Assuming that the initiation mechanism of M. capricolum is not very different from that of E.coli whose opening site of initiation is located less than 30 bases from the nearest DnaA-box (39), we propose that the initiation site may be located in the 5'-end region of the dnaA gene in the genome of M. capricolum.
Recently, T at position 4, C at position 6, and A at position 7 were shown to be the most invariant bases in the sequences of DnaA-boxes of various replicons (10, 40) . The sequences of the putative mycoplasmal DnaA-boxes are as follows: 
